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Ferroptosis is a specific form of non-apoptotic cell death that is driven by iron-dependent phospholipid peroxidation. Research over the past decade has contributed to our understanding of how this important cell death process is regulated in mammalian systems, especially with regard to the distinct modes of induction, the role of metabolic signals, the organelles involved, implications of ferroptosis for development and aging, and how our improved understanding of the process can be exploited for therapeutic purposes. Other studies have described variants of this ancient cell death process in cyanobacteria, plants and protozoans. Emerging evidence indicates that a ferroptosis-like form of cell death exists in fruit flies (Drosophila melanogaster). Due to the extensive homology of genes in Drosophila melanogaster and Drosophila suzukii, unique aspects of ferroptosis in Drosophila melanogaster may be of particular relevance for developing targeted pesticides against Drosophila suzukii—a major invasive agricultural pest of the berry and wine industry in Southeast Asia, Europe and America. Further, aspects of ferroptosis in Drosophila melanogaster that are conserved in insects in general may provide the basis for identifying new insecticides for controlling the spread of vector-borne diseases such as malaria. In this perspective, we highlight some of the studies in Drosophila melanogaster that have sought to improve our understanding of the ferroptosis-like form of cell death that operates in this organism and conclude with a discussion of the opportunities and challenges for studying this phenomenon in fruit flies.
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INTRODUCTION
Ferroptosis is a nonapoptotic form of cell death that is triggered by iron-dependent lipid peroxidation (Stockwell et al., 2017). It has been implicated in ischemic organ injury and neurodegeneration. Drug-resistant tumors are very vulnerable to ferroptosis. Consequently, pharmacological suppression or induction of ferroptosis holds great therapeutic promise for the treatment of many diseases.
The execution of ferroptosis depends on the transition metal ion, ferrous iron (Fe2+), reactive oxygen species (ROS), and phospholipids containing polyunsaturated fatty acid (PUFA) side chains (Figure 1) (Yang and Stockwell, 2016; Stockwell et al., 2017; Yan et al., 2021a). A major regulator of ferroptosis is the micronutrient selenium, required for the biosynthesis of ROS-scavenging selenoproteins such as glutathione peroxidase 4 (GPX4). GPX4 specifically reduces phospholipid hydroperoxides and oxidized lipoproteins to their native state; and several studies in mammalian systems have shown that disruption of GPX4 triggers lipid peroxidation and ferroptosis (reviewed in (Li et al., 2020)). The function of GPX4 is connected to an antiporter called system xc−. System xc− is a cystine/glutamate antiporter as it transports cystine (the oxidized form of cysteine) into cells while concurrently extruding glutamate. Cystine, through a series of biochemical reactions, ultimately suppresses ferroptosis by contributing to GPX4 activity. RSL3 and erastin are chemical inhibitors of GPX4 and the system xc− antiporter, respectively, and are frequently used to induce ferroptosis. In this perspective, we trace some of the studies that have informed our understanding and proposal of a ferroptosis-like form of cell death in Drosophila melanogaster (Dm).
[image: Figure 1]FIGURE 1 | An overview of ferroptosis. Ferroptosis is a form of regulated cell death that is characterized by shrunken mitochondria with preserved nuclei and is triggered by iron-dependent lipid peroxidation. A central regulator of ferroptosis is glutathione peroxidase 4 (GPX4), which uses the cofactor, glutathione, to degrade lipid peroxides. During glutathione synthesis, cystine (the oxidized form of cysteine) can be imported into cells via the system xc–cystine/glutamate antiporter—a transmembrane protein complex containing subunits SLC7A11 and SLC3A2 that can be inhibited by erastin. Following conversion to cysteine, glycine and glutamate can combine with cysteine to generate the reduced form of glutathione. Thus, a disruption of GPX4 or any other component in the glutathione biosynthesis pathway increases lipid peroxidation. Lipid peroxidation can also result from the activity of various lipoxygenases, cytochrome P450 oxidoreductases and the Fenton reaction as shown. RSL3 is an inhibitor of GPX4.
A RUDIMENTARY FORM OF FERROPTOSIS HAS BEEN OBSERVED IN MULTIPLE ORGANISMS
Although most studies on ferroptosis have been performed in mammalian systems, an ancestral form of ferroptotic cell death has been observed in organisms ranging from cyanobacteria and plants to Saccharomyces pombe and trypanosomes (Bogacz and Krauth-Siegel, 2018; Aguilera et al., 2022; Liu et al., 2022). In Saccharomyces pombe, a ferroptosis-like form of cell death has been observed in response to deletion of a pentatricopeptide repeat (PPR) gene, ppr2, which encodes a general mitochondrial translation factor (Liu et al., 2022). In the African trypanosome, Trypanosoma brucei, mutations in tryparedoxin peroxidase, an ortholog of glutathione peroxidase 4, results in several ultrastructural changes in mitochondria that are reminiscent of ferroptosis. Importantly, the lethal phenotype associated with knocking out ppr2 or tryparedoxin peroxidase is suppressed by established ferroptosis inhibitors such as deferoxamine and ferrostatin-1 (Schaffroth et al., 2016; Bogacz and Krauth-Siegel, 2018; Liu et al., 2022). Similarly, a form of ferroptosis induced in response to thermal stress and dubbed c-ferroptosis has been described in the cyanobacterium, Synechocystis sp. PCC 6803, as it shows many of the hallmarks observed in mammalian ferroptosis (Aguilera et al., 2022). In Arabidopsis thaliana, a ferroptosis-like form of cell death is induced in response to thermal stress at 55°C but not 77°C and also bears many biochemical similarities to mammalian ferroptosis (Distefano et al., 2017). For instance, glutathione depletion and other markers of oxidative stress are also observed in the ferroptosis-like form of cell death in Arabidopsis thaliana, which could be rescued by deuterated polyunsaturated fatty acids; but in contrast to mammalian systems, it can be suppressed by calcium chelators as well (Distefano et al., 2017). Taken together, these observations provide strong evidence that at least a rudimentary form of ferroptosis can be induced in many organisms.
Consequently, a number of research groups have performed studies that point to the existence of a ferroptosis-like form of cell death in Dm. Here, we summarize some of the findings in fruit flies that have informed our understanding of ferroptosis, some open questions on ferroptosis that can be addressed in Dm, and a discussion of the challenges and opportunities for studying this phenomenon in this organism.
IRON HOMEOSTASIS IN DROSOPHILA MELANOGASTER
In mammalian systems, ferroptosis is linked to the regulation of iron abundance (Stockwell, 2022). Accordingly, studies of iron regulation in fruit flies should provide clues on how the ferroptosis-like form of cell death in fruit flies is regulated. In this regard, it has been shown that homozygous mutants of the iron-chelating proteins, ferritin 1 heavy chain homolog (Fer1HCH) and ferritin 2 light chain homolog (Fer2LCH)—both of which have significant homology to the human iron-chelating proteins, FTH1, FTHL17, FTMT, and FTL—are larval lethal (Missirlis et al., 2007; Li, 2010); but homozygous mutants of Mitoferrin, a mitochondrial iron transporter, survive to adulthood (Metzendorf and Lind, 2010). Homozygous mutants of ZIP13, a zinc and iron permease family member that normally supplies iron to ferritin, are also larval lethal (Zhao and Zhou, 2020). However, a ferroptosis-like form of cell death has not yet been explored in any of these whole-organism mutants (Missirlis et al., 2007; Li, 2010; Metzendorf and Lind, 2010; Zhao and Zhou, 2020), although it has been reported that mutant Fer2LCH wing disc clones have mitochondrial defects that are reminiscent of ferroptosis (Mumbauer et al., 2019). Another study showed that overexpression of ZIP13 in the midgut is sufficient to rescue the lethality of whole-organism ZIP13 mutants (Zhao and Zhou, 2020). Moreover, RNAi-mediated knockdown and overexpression of ferritin in the whole midgut leads to an accumulation of iron in the intestine and a reduction in total body iron, respectively (Tang and Zhou, 2013). These results indicate that the midgut is an essential organ for iron regulation and may be an important organ for investigating a ferroptosis-like form of cell death in fruit flies. Indeed, investigating a putative Dm form of ferroptosis in the gut would have the added advantage of being in an organ that should be readily accessible to various inhibitors and activators of ferroptosis added to various dietary regimens.
Studies in mammalian systems have revealed that one avenue by which iron enters the circulatory system from the gut involves uptake of ferrous iron by ferroportin in the basolateral membrane. After oxidation to ferric iron, it is then taken up by transferrin with the assistance of hephaestin—a multi-copper oxidase (MCO). At least 4 paralogs of MCO have been described in Dm (MCO1-4) (Dittmer and Kanost, 2010). Among these paralogs, MCO3 mutants may be particularly relevant for studying ferroptosis, as they display elevated iron stores in the whole body (Wang et al., 2018).
Iron homeostasis can also be regulated by the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network. Although there are two IRPs in Dm – IRP1A and IRP1B – only IRP1A has been shown to bind to IREs (Lind et al., 2006). When iron levels fall significantly, IRP1A binds to IREs in the 3’ UTRs of Fer1HCH and the gene encoding succinate dehydrogenase B (sdhb) to inhibit their translation (Nichol et al., 2002; Dunkov and Georgieva, 2006). In contrast, when iron levels rise, IRP1A is involved in Fe–S cluster biogenesis or translocates to the nucleus to limit the expression of genes involved in steroid hormone biosynthesis and other biosynthetic processes that use iron as a co-factor (Huynh et al., 2019; Hernandez-Gallardo and Missirlis, 2020). It would be interesting to investigate how disruption of IRP1A when iron levels rise impinges on the ferroptosis-like form of cell death induced in fruit flies, in view of the fact that in mammalian systems knockdown of IRP2 promotes erastin-induced cell death (Reed and Pellecchia, 2012).
The mitochondrion is an important organelle for regulating iron homeostasis. Excess iron can be buffered by mitochondrial ferritin—encoded by Fer3HCH. It has been reported that ubiquitous overexpression of mitochondrial ferritin in Dm improves resistance to oxidative stress and confers tolerance to erastin-induced lethality; however, how this impinges on the biochemical and molecular markers of ferroptosis has not been explored (Missirlis et al., 2006; Wang et al., 2016). The link between mitochondrial dysfunction and ferroptosis is an attractive topic to study as the enhanced superoxide production that typically occurs in response to mitochondrial dysfunction may react with ferrous iron to trigger Fenton reactions and subsequent lipid peroxidation. With the availability of many mitochondrial mutants, transgenic RNAi and CRISPR constructs that target mitochondrial proteins, this is perhaps the area of investigation where fruit fly genetics may contribute the most to our understanding of ferroptosis.
A FERROPTOSIS-LIKE FORM OF CELL DEATH IS INDUCED IN RESPONSE TO DISRUPTION OF ISOCITRATE DEHYDROGENASE 2 IN FLIGHT MUSCLES
To begin to uncover a possible link between mitochondrial dysfunction and ferroptosis in Dm, we explored the effect of disrupting mitochondrial NADPH production in Dm thoraces as a result of RNAi-mediated knockdown of isocitrate dehydrogenase 2 (IDH2) (Murari et al., 2022). Blue native polyacrylamide gel electrophoresis revealed that knockdown of IDH2 impairs the assembly of the oxidative phosphorylation (OXPHOS) system. The extent of OXPHOS disintegration depends on the extent of disruption of IDH2, with only complex I assembly impaired when IDH2 disruption is mild (using a weaker transgenic RNAi construct), but with multiple OXPHOS complexes impaired when knockdown of IDH2 is severe. Additionally, several pro-ferroptotic markers, such as ROS, lipid peroxidation and labile iron were all increased in mitochondria isolated from the IDH2 mutant flies. Notably, the ferroptosis hallmarks of preserved nuclear integrity and shrunken mitochondria were observed in transmission electron micrographs of flight muscles from IDH2 mutant flies; and raising these flies on two ferroptosis inhibitors—ferrostatin-1 and liproxstatin-1—potently rescued their ferroptosis ultrastructural phenotypes and early lethality. Importantly, although the longevity of fruit flies with severe IDH2 knockdown in flight muscles was severely reduced to about 10 days at 25°C, there was no evidence of elevated caspase activity, which rules out apoptosis as a major cell death mechanism in these samples. Overall, these data indicate that a ferroptosis-like form of cell death is induced in flight muscles as a result of severely disrupting IDH2 function.
However, several questions remain unanswered about this phenotype. For instance, numerous studies in mammalian systems have shown that the predominant membrane-associated lipids that undergo peroxidation during ferroptosis are phospholipids with PUFA side chains such as arachidonic acid (20:4) and adrenic acid (22:4) (Kagan et al., 2017). Nevertheless, it has been consistently shown that fruit flies do not appear to have the capacity to synthesize C20 and C22 PUFAs, even when fed a diet containing the PUFA precursors linoleic acid and α-linolenic acid (Yoshioka et al., 1985; Shen et al., 2010). This observation is further buttressed by the fact that fruit flies lack the genes for Δ5 and Δ6 fatty acid desaturases—essential enzymes in the pathways for the biosynthesis of PUFAs like arachidonic, eicosapentaenoic and docosahexaenoic acids. Thus, in contrast to mammalian systems, peroxidation of arachidonic acid may not be a prerequisite for the execution of a ferroptosis-like form of cell death in Dm. This would have major ramifications for how a ferroptosis-like form of cell death is regulated in Dm, as it will indicate that at least some of the enzymes driving lipid peroxidation in fruit flies are likely to be different from those required in mammalian systems. For instance, in mammalian systems, iron-dependent enzymes such as arachidonate lipoxygenases (ALOX) appear to have a role in the formation of lipid hydroperoxides that precipitate ferroptosis (Kuhn et al., 2015; Yang et al., 2016; Wenzel et al., 2017); although other studies have questioned this result (Shah et al., 2018). With their inability to synthesize C20 and C22 PUFAs and lack of readily identifiable ALOX orthologs, it appears other enzymes may take up this role in Dm.
Interestingly, cytochrome P450 oxidoreductase (POR) also promotes phospholipid peroxidation during ferroptosis, most likely in conjunction with cytochrome b5 reductase (CYB5R1) (Zou et al., 2020; Yan et al., 2021b). Genetic ablation of POR and CYB5R1 decreases ROS production, prevents lipid peroxidation and inhibits ferroptosis (Ghosh et al., 1997; Zou et al., 2020; Yan et al., 2021b). As several cytochrome reductases exist in Dm and cytochrome reductases have been implicated in xenobiotic detoxification in insects (Nauen et al., 2022), phospholipid peroxidation by POR may be an aspect of mammalian ferroptosis that is conserved in fruit flies.
CHALLENGES AND OPPORTUNITIES FOR EXPLORING HOW THE FERROPTOSIS-LIKE FORM OF CELL DEATH IN DROSOPHILA MELANOGASTER IS REGULATED
Unlike other cellular degradative processes such as autophagy and apoptosis where bona fide markers exist, definitive markers of ferroptosis remain to be found. This has been particularly problematic for Drosophila geneticists as only a handful of studies have sought to examine ferroptosis in Dm (Table 1). However, most investigators of ferroptosis in mammalian systems use suppression of the cell death process by established ferroptosis inhibitors as evidence of ferroptosis (Ide et al., 2021; Ide and Souma, 2022; Mishima et al., 2022; Hirata et al., 2023; Ryan et al., 2023). A previous elegant review by Rui Kang and colleagues described a range of morphologic, genetic, biochemical, and protein hallmarks of ferroptosis, while also pointing out the ambiguity of using any of these markers and the importance of suppressing any putative ferroptosis phenotype with established ferroptosis inhibitors (Chen et al., 2021). With persistent debate in the field about the need for a uniform definition of markers for ferroptosis, recently Brent Stockwell proposed that in mammalian systems at least three of the following four indices must be present for the cell death process to be regarded as ferroptosis: 1) Shrunken and dense mitochondria in transmission electron micrographs; 2) Lipid peroxidation; 3) Transcriptional induction of CHAC1, PTGS2, SLC7A11 and ACSL4, and transcriptional downregulation of RGS4; and 4) Increased abundance and plasma localization of the transferrin receptor, TfR1 (Stockwell, 2022). Consequently, perhaps the first challenge that would have to be resolved quickly involves identifying suitable ferroptosis markers in Dm. Of the four ferroptosis markers proposed for mammalian systems, the latter two are difficult to test in Dm. In this regard, it is unclear which of the many transferin receptor paralogs in fruit flies would be mobilized to the plasma membrane when ferroptosis is induced, and for which an antibody needs to be generated. It is also ambiguous as to whether the five genes proposed as transcriptional markers of ferroptosis in mammalian systems behave similarly in fruit flies.
TABLE 1 | An overview of some ferroptosis-like studies described in Drosophila melanogaster.
[image: Table 1]IDH2 is a component of a complex NADPH-dependent ROS-detoxifying system that operates in both the cytosol and mitochondrion (Figure 2). Hydrogen peroxide generated in mitochondria can be detoxified by an NADPH-thioredoxin-peroxiredoxin branch of the system (NADPH-TXN-PRDX system) or by an alternate branch, the NADPH-glutathione-glutathione peroxidase system (NADPH-GSH-GPX system). An analogous dual NADPH-dependent ROS detoxifying system operates in the cytosol as well (Figure 2). It would be interesting to explore how other components of this NADPH-linked ROS detoxifying network regulate the mode of ferroptosis that occurs in Dm.
[image: Figure 2]FIGURE 2 | An intricate ROS scavenging network operates in the mitochondrion and cytosol. The superoxide radical can be generated in the mitochondrion or elsewhere and converted into hydrogen peroxide by superoxide dismutases 1 (cytosolic) or 2 (mitochondrial). The ensuing hydrogen peroxide can be detoxified through a series of redox reactions involving several enzymes such as GPXs, glutathione reductase (GSR), peroxiredoxin (PRDX), and thioredoxin reductase 2 (TXNRD2) as shown.
Acyl-CoA synthetase long chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) are two regulators of lipid metabolism that have been implicated in ferroptosis in mammalian cells (reviewed in (Stockwell, 2022)). ACSL4 has the ability to ligate long chain PUFAs such as arachidonic acid with coenzyme A, which can subsequently be esterified into phospholipids by various LPCATs. Although orthologs of ACSL4 and LPCAT3 exist in Dm, it is unclear if they regulate ferroptosis in this organism in view of their apparent lack of arachidonic acid. Orthologs of components of the system xc− antiporter, GPX4 and several other regulators of ferroptosis in mammalin systems exist in fruit flies; but whether and how they contribute to the ferroptosis-like form of cell death is unknown. Interestingly, in Dm, GST-S1 performs a function analogous to GPX4 in mammals as it is required for the conjugation of lipid peroxidation end products (Singh et al., 2001). Therefore, it is essential to identify the role of all the basal regulators of ferroptosis in Dm, and subsequently identify and functionally characterize their interactomes, to elucidate conserved and Dm-specific aspects of ferroptosis induction.
RNA-sequencing analyses uncovered several genes implicated in lipid metabolism that are induced in response to IDH2 disruption in flight muscles that could have implications for the regulation of the ferroptosis-like form of cell death in Dm (Murari et al., 2022). Among them are acyl-CoA oxidase 3, acyl-CoA binding protein 6, regulators of triglyceride homeostasis in the endoplasmic reticulum and several lipases. In mammalian systems, at least one lipase—a phospholipase referred to as PLA2G6—has been implicated in ferroptosis via its ability to eliminate oxidised PUFA tails from phospholipids. A macroscopic examination of the flies with impaired IDH2 expression in thoraces revealed emaciated abdomens that were potently rescued by treatment with ferrostatin-1 and liproxstatin-1, perhaps a reflection of the enhanced lipolysis of fat stores in the abdomen. Accordingly, it would be interesting to examine how the multiple regulators of lipid metabolism induced in response to IDH2 disruption contribute to the ferroptosis-like form of cell death in Dm.
Other genes induced in IDH2-knockdown thoraces are regulators of Fe-S cluster biosynthesis, general regulators of oxidative stress and apoptosis, DNA repair genes, and regulators of protein homeostasis (Murari et al., 2022). The upregulation of regulators of the mitochondrial unfolded protein response (UPRmt) provides an opportunity to study how oxidised lipids impact the UPRmt. Also of note was the upregulation of several long non-coding RNAs, which can be explored for possible regulatory links to ferroptosis induction. We note, however, that none of the transcriptional ferroptosis markers in mammalian systems were readily apparent as robustly altered suitable markers in the RNA-sequencing dataset. However, the RNA sequencing experiment was performed four days after the flies eclosed as adults; so we cannot exclude the possibility that quantitative RT-PCR over a time series—perhaps between one and seven days after the flies eclose—would confirm the authenticity of these markers. Finally, although knockdown of IDH2 was restricted to the flight muscles, there appears to be a cell non-autonomous component, as several molecules implicated in signaling such as rasp, Ilp8, Fst, TotM, Diedel, Ag5r2 and CG16995 were induced alongside a number of metabolite transporters. Therefore, it would also be worth exploring how these genes, and possibly metabolites, impinge on interorgan communication triggered by inducing a ferroptotic-like form of cell death in Dm flight muscles.
As is apparent for other modes of mitochondrial dysfunction, IDH2 knockdown activates a compensatory signaling cascade involving multiple stress-responsive kinases (Murari et al., 2022). Interestingly, in mammalian systems, activation of AMPK during ferroptosis leads to the phosphorylation of acetyl-CoA carboxylase to limit PUFA biosynthesis (Lee et al., 2020). It would be interesting to dissect what the phosphorylation targets are for all kinases activated during the ferroptosis-like form of cell death in Dm, and how their phosphorylation contributes to ferroptosis.
Finally, other muscle degenerative pathways that operate in fruit flies are the age-dependent accumulation of misfolded protein aggregates (polyubiquitin aggregates) and muscle degeneration induced as part of systemic organ wasting in gut cancer models (Demontis and Perrimon, 2010; Kwon et al., 2015). Once a working understanding of the fundamentals of ferroptosis has been established in fruit flies, it will be necessary to examine how ferroptosis intersects with these other muscle degenerative processes.
CONCLUDING REMARKS
The stage is set for pursuing studies in Dm aimed at uncovering how a ferroptotic-like form of cell death is regulated in this organism. Different tissues in Dm may be suitable for addressing different aspects of ferroptosis. For instance, the high lipid content of the fat body may be more appropriate for providing answers about how lipid metabolism regulates ferroptosis than an organ such as the flight muscles, which may be more suitable for dissecting the importance of mitochondria in the process. Just as differences exist between how other cell degradative processes such as apoptosis and autophagy are regulated in fruit flies and mammalian systems, we anticipate that there are likely to be Dm-specific mechanisms of ferroptosis induction. For instance, chaperone-mediated autophagy (CMA) has not been observed in Dm, and the importance of cytochrome c release during apoptosis in fruit flies is still debated (Dorstyn et al., 2004; Clavier et al., 2016; Hung et al., 2021). The absence of CMA would likely have implications for ferroptosis regulation in Dm as in mammalian systems, CMA regulates degradation of GPX4 (Wu et al., 2019). Nevertheless, there are likely to be areas of synergy between fruit fly and mammalian research on ferroptosis that would improve our understanding of ferroptosis. Due to its close relatedness to Dm, unique aspects of ferroptosis in Dm may be of particular relevance for developing targeted pesticides against spotted-wing Drosophila (Drosophila suzukii), a major invasive agricultural pest of the berry and wine industry in Southeast Asia, Europe and America that causes annual losses of more than $500 million (Tait et al., 2021). Finally, aspects of ferroptosis in Dm that are conserved in insects in general may provide the basis for identifying new insecticides for controlling the spread of vector-borne diseases such as malaria.
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